The irrational virtual water flow caused by grain trade makes water use efficiency low and 10 further threatens grain security in China. However, optimizing the grain virtual water trade flow from 11 the perspective of the economic value of water resources has rarely been carried out in current 12 research. This paper proposes a linear optimization model considering opportunity cost to fill this gap.
. Thus, evaluating the virtual water flow via China's inter-provincial grain trade 48 has significant policy implications. However, to the best knowledge of the authors, there are few 49 studies on optimizing the grain virtual water trade flow from the perspective of the economic value 50 of water resources. Many researches have advocated virtual water as a strategy due to the comparative 51 advantage of water resources, to be specific, that is a water-scarce country can aim at importing water-52 intensive products and exporting water-extensive products (Hoekstra and Hung, 2005) . Therefore, 53 existing researches only emphasize the endowment conditions of the water resources but ignore the 54 other factors when applied virtual water strategy. And the comparative advantages of virtual water 55 strategy are only gained from the perspective of water resources endowment resulting that the choice 56 of virtual water trade in this situation lacks overall consideration. 57 The water embodied in virtual water trade can also be used in other purposes such as economic 58 development and environment requirement. Thus, it is necessary to take the opportunity cost factor 59 into consideration in in weighing the pros and cons of the virtual water trade. The so-called 60 opportunity cost is, when a decision is made, the loss of the potential benefit of giving up another 61 scheme is caused by the choice of a better scheme. Since this potential benefit is a possible choice, 62 the decision-makers cannot only consider the resources of sacrifice when measuring the benefits of a 63 particular scheme (the actual cost) but they also compare the loss of the benefit (opportunity cost) 64 4 resulting from the other suboptimal schemes. Therefore, the opportunity cost is the related cost of 65 decision making and is of great significance to decision-making. Finally, we choose the economic 66 value of water resources as the opportunity cost. To this end, this paper, based on the current situation 67 of grain production and consumption of virtual water, quantifies and adjusts the grain virtual water 68 trade structure from the perspective of the economic value of water resources to fill gap in this area. 69 This paper attempts to address three issues: 70 (1) What is the current situation of grain virtual water trade?
71
(2) How can grain virtual water trade be optimized?
72
(3) What are the advantages of the optimized method of grain virtual water trade other than the 73 general optimization? 74 2 Literature review 75 2.1 Virtual water trade 76 Professor Allan (1993; 1994) first proposed the concept of virtual water and defined the amount of 77 water consumed for production goods and services as "virtual water". Hoekstra and Hung (2005) put 78 forward the concept of the "water footprint" based on the virtual water used to measure and calculate 79 the water consumption of a certain area after the virtual water flow. 80 Many virtual water trade studies have been conducted on multiple levels with many meaningful 81 results. At the global level, the virtual water flows related to international rice trade 31 km 3 /year 82 (Chapagain and Hoekstra, 2011) . Global virtual water trade was estimated and 450 km 3 /year is 83 virtually saved by global trade resulting from the comparative advantage of water use efficiency in 84 import and output countries (Chapagain and Hoekstra, 2003) . Given the importance of non-food 85 5 product in global trade, another study was done and results show that 57% of the international virtual 86 water flows is embodied in non-food trade (Chen and Chen, 2013) . At national level, El-Sadek (2010) 87 found that Egypt's net virtual water import as a percentage of water resources has mounted to be 88 23.55% and discussed the applicability of virtual water concept in the national water resources 89 strategy of Egypt. Abu-Sharar et al. (2012) analyzed the optimization role of virtual water in water 90 resources management in the Jordanian region and noted that continued importation of food crops 91 will become an effective way to balance food production and save water resources. Allan et al. (2003) 92 calculated the import and export volumes of virtual water in recent years in some countries in the as optimizing trade structures (Zhang et al., 2017) .Virtual water provides an innovative application 108 of virtual water trade in the traditional allocation of physical water resources in water scarce regions 109 (Ye et al., 2018) . Cheng (2003) introduced the concept of virtual water to China and noted that it is 110 of great significance to optimize the trade structure of water-intensive agricultural products. Some 111 unexpected challenges occurs to the governments when they wishing to implement a virtual water 112 strategy aiming to encourage farmers to select low-valued, water-intensive crops rather than higher-113 valued, tradable crops (Wichelns D, 2001) .
114
In the study of inter-regional grain virtual water trade in China, Zou et al. (2010) explored the 115 current situation of domestic grain virtual water balance and put forward the ideal layout mode of 116 China's grain production under the background of virtual water. The direction of regional grain 117 production adjustment is given (Zou et al., 2010) . Wang et al. (2014) studied the impact of inter-118 regional food virtual water flow on the regional economy and water resources in China and noted that 119 improving the efficiency of agricultural water use, implementing virtual water compensation and 120 optimizing crop planting structure are the key measures to solve the negative effects of regional 121 virtual water flow. Virtual water trade's rational foothold should be the coordination of economic 122 development goals and water resource issues. Therefore, virtual water trade has both water-saving 123 effects and economic values (Xu et al., 2010) . Hoekstra and Hung (2002) argued that not only pricing 124 and technology can be means to increase local water use efficiency and reallocating water , but also 125 virtual water trade between nations can be an instrument to increase water use efficiency.
126
Linear programming is the most important method of system optimization in operational research, 127 and it is an applied mathematical method for the rational utilization and allocation of resources. Its 128 basic idea is to meet certain constraints and make the target reach the optimal. The wide application 7 of linear programming, in addition to its own practical characteristics, is still simple in its structure 130 and easy to master. This method has been applied by researchers in the field of virtual water trade, 131 such as Dalin et al. (2015) , who estimated China's future food trade patterns and water transfers and 132 measured the influences of targeted irrigated land reductions on water consumption and food self- where PVWn is the virtual water quantity of grain production in n province, CVWn is the virtual water 164 quantity of grain consumption in n province, Pn is the grain production in n province, Cn is the grain The irrational interprovincial trade pattern Comparison of the pattern with and without consideration of opportunity cost
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9 consumption in n province, VWn is the virtual water content of grain in province n, BVWn is the balance 166 volume of grain virtual water in province n (If the result is negative, the area needs to import grain 167 virtual water from other regions. Conversely, the output of virtual water is needed. Therefore, the 31 168 provinces are divided into input and output areas). Because more than 80% of the agricultural water is used for grain production, this paper adopts the 171 proportion of input and output between the agricultural departments in the provinces from the 2012 172 input-output table to obtain the proportion of the related components of the grain trade volume. The 173 relevant calculation in this study is only for the domestic market of virtual water trade in grain, so we 174 do not need to consider the import and export trade data. The calculation only needs to intercept the 175 intermediate input ratio and bring it along for the virtual water trade in grain. In this way, we can get 176 the volume of the production of grain virtual water for each province separately as well as the amount 177 of water transferred into the provinces. The calculation is expressed as equations (4) and (5):
in which POCi is the production of grain virtual water in i province used for its own consumption,
181
OFn is the amount of outflow in province n, IFn is the amount of inflow in province n, , ,  and  182 are the corresponding constituent ratios, and the rest of the symbolic meaning is the same as above. 
An optimization model based on a cost benefit analysis 184
Based on China's higher grain self-sufficiency rate and the need for a simplified model simulation, 185 the regional grain virtual water trade model does not consider the international trade of grain. Without 186 considering the international market, the domestic grain transportation is an unbalanced 187 10 transportation problem whose output is larger than the demand.
188
On the basis of the relative stability of the food demand and supply in various regions, the model 189 lays emphasis on the virtual water embedded in the grain. Therefore, we build a linear optimization 190 model to adjust inter-provincial grain virtual water trade taking cost opportunity into consideration.
191
First, the opportunity cost refers to the value of water consumption in the industrial sector.
192
According to the explanation of the opportunity cost (the maximum net income that may be obtained 193 by making a choice but giving up another), we finally determine it by comparing the added value per 194 ten thousand yuan of water used by the agricultural and industrial. In all regions, the amount of water 195 needed for agriculture to produce ten thousand yuan added value is much larger than that of industry.
196
The former is several times that of the latter. The difference in resource utilization efficiency 197 indirectly confirms the real economic significance of mobilizing social resources and transferring 198 water resources to non-agricultural use in the new theory of virtual water.
199
Second, the optimization model is constructed based on two assumptions: first, the market is 200 perfectly competitive and fully circular, leading to the consideration of grain as a homogenous product.
201
Second, Grain-deficit provinces primarily receive from grain-surplus provinces, which has been 202 adopted by this study (Zhuo et al., 2016) . Compared with grain production and consumption, 31 203 provinces can be divided into grain-deficit provinces and grain-surplus provinces. Therefore, grain 204 trade virtual water outflow area and inflow area can also be determined.
205 Third, the model is an improvement to the general linear programming model, which means that 206 the total cost (transportation cost and opportunity cost) is minimized as the objective to adjust the 207 inter-regional trade pattern of grain virtual water. The profitability of grain trade is affected by the 208 basic position of agriculture in the national strategy, and logistics are directly related to grain trade.
209 11 Therefore, it can be understood that grain circulation trade seeks the minimum transportation cost and 210 obtains greater economic benefits. In the same way, virtual water trade with grain as the carrier also 211 complied with the characteristics of economic benefit. Furthermore, the opportunity cost (that is water 212 for industrial purpose) is well considered to achieve a better understanding of virtual water trade's 213 advantages.
214
The linear optimization model to adjust the inter-regional trade pattern of grain virtual water is as 215 follows.
216
Objective function:
Constraints:
In the formula, T is the total cost of inter-provincial grain virtual water trade, that is, transportation 226 cost and opportunity cost, and the total cost minimization is the objective function. xij is the volume 12 of grain virtual water from the province j to the province i, i is the province that flows into the grain 228 virtual water, and j is the province that outflows from the grain virtual water. n is the total number of 229 provinces flowing into the grain virtual water, while M-n is the total number of provinces flowing out 230 of the grain virtual water. cij is the cost of virtual water transport in unit grain from j to i, F is the cost 231 of unit grain virtual water transportation, dij is the transportation distance from j to i, MIQi is the 232 deficiency of the grain virtual water of province i, MOQj is the surplus of grain virtual water of 233 province j, pwj and pwi are the water use of industrial added value per ten thousand yuan in province 234 i and province j, 1/pwj and 1/pwi are ten thousand yuan industrial added value for each unit of grain 235 virtual water from j to i and from i to j, and bij is the cost of grain virtual water trade from j to i. The 236 formula (7) is the inflow constraint from the other provinces to the province in question, which is 237 equal to an insufficient amount for that province to meet the grain demand. The formula (8) to optimize and analyze the inter-provincial grain virtual water trade pattern in China.
249
(1) Grain output and consumption in all provinces 250 The raw data for grain output and consumption were derived from the "China Statistical Yearbook" (2) Trade volume data of grain virtual water between provinces 275 The trade volume between provinces was derived from the 2012 input-output the current version is the latest one).
278
The input-output table is divided into six departments, and we selected the agricultural sector of (4) The data of water used for agricultural and industrial added value per ten thousand yuan 298 The water used for agricultural added value per ten thousand yuan is obtained by the ratio of 299 agricultural water to agricultural added value. We use the agricultural added value from the "Chinese The net inflow of grain virtual water between provinces is the difference between the virtual water 307 of grain production and the virtual water of grain consumption in each province. The positive value 308 represents the virtual inflow of water, and the negative value represents the virtual outflow of water.
309
Through comparing each province's actual net inflow of grain virtual water with their balance volume 310 of grain virtual water, we found a certain degree of difference in both trade volume and trade direction, 311 as seen in Fig. 2 .
312

Fig. 2 Differential diagram of provincial grain virtual water trade net inflow volume and balance volume 314
Notes: There are five categories of the legend. The "basically consistent" category indicates that it can basically 315 achieve the balance of the grain virtual water from the two aspects of flow volume and flow direction. "The reverse 316 difference is greater than 50" and "the reverse difference is greater than 100" categories both represent the direction 317 of the grain virtual water trade is opposite to that of the balance volume. In addition, the difference of net inflow 318 volume and balance volume is greater than 50 billion cubic meters and 100 billion cubic meters, respectively. "The difference of the same direction is greater than 50" and "the difference of the same direction is greater than 100" 320 categories indicate that the direction of the grain virtual water trade in the province is the same as the direction of 321 the balance, but the quantity difference is greater than 50 and 100 billion cubic meters, respectively. 322
Although, in most provinces, the direction of grain virtual water trade is the same as the direction 323 of their grain balance volume in 2014, some provinces still have differences, namely, the grain virtual 324 water surplus area is transferred into the virtual water while the deficit area is transferred out of the 325 virtual water.
326
The grain virtual water trade in 17 provinces is basically consistent with the local balance of grain 327 virtual water, and there are obvious differences in the 14 provinces. There are reverse flows in Hebei, 328 Liaoning, Jiangsu, Guangxi, Hainan and Sichuan. This means that they have not exported to other places even though they have the ability to output grain virtual water and, instead, they have 330 transferred from other places to the grain virtual water. The other case is that they did not transfer 331 from other provinces, even though they needed to input food virtual water. Instead, they exported a 332 certain amount of grain virtual water to other provinces.
333
From the amount of flow, there is much reverse flow in Sichuan and Guangxi, and their differences 334 are of the degree of more than 100 billion cubic meters. For the remaining 4 provinces, the reverse 335 flow is smaller, a difference of 50-100 billion cubic meters. There are 8 provinces that have positive 336 flow, but there was a significant difference between the volumes of flow; for example, in Heilongjiang,
337
Zhejiang, and Guangdong, the difference is more than 10 billion cubic meters. Five provinces with 338 positive flow have a small difference of 50-100 billion cubic meters. 339 From a regional perspective, the total virtual water net inflows are -245.28 billion cubic meters, 340 while the south is 74.64 billion cubic meters. This shows the phenomenon that the virtual water flow 341 from the north to the south, which aggravates the unbalanced allocation of regional resources to a 342 certain extent. Besides, this trade pattern is not conducive to the balance of grain supply and demand 343 for each province. For the output sites without the virtual water capacity of output, the sustainable 344 development of agricultural production and water resources is not guaranteed, and it will exacerbate 345 the pressure of local water resources and threaten food production. For input sites, if we cannot 346 efficiently utilize the virtual water resources flowing through the grain trade, we will cause indirect 347 waste, which is not conducive to the development of the whole society and economy. connects virtual water outflow and inflow areas; the thicker the arc is, the larger the virtual water flow is. For the 363 convenience of analysis, the points connected to both ends of the input and output are called the receiving points 364 and the sending points, respectively. 365 From Fig. 3 , there are 18 input areas and 13 output areas in the grain virtual water trade with total 366 cost minimization. In the provincial grain virtual water trade, the virtual water flow is a total of 367 1179.24 billion cubic meters, which accounted for 4.32% of the total water resources of the country 368 in 2014, accounting for 30.47% of the agricultural water. It can be seen that the flow of virtual water 369 19 resources caused by grain trade is an indisputable fact, and the impact on various areas cannot be 370 ignored.
371
From the number of sending and receiving points and their virtual amounts of water, there are 9 372 sending points in Heilongjiang Province, which is the largest in the output area. Of these, 218.11 373 billion cubic meters were shipped to Guangdong, which accounts for more than 50% of the total 374 output, followed by Zhejiang (112.57 billion cubic meters) and Liaoning (72.46 billion cubic meters).
375
There are 4 receiving points in Guangdong Province, which is the largest in the input area. This area 
Fig. 4 Proportion distribution map of the volume of grain virtual water trade between regions in China 382
Notes: The deep blue is the virtual water output area, the light blue is the virtual water input area, and the circular 383 20 point is the virtual water net flow ratio of the provinces. 384 From Fig. 4 , we can see that the grain virtual water net flow accounts for more than 20% of the 385 total in only one province, namely, Heilongjiang province and Guangdong province. Only the output 386 of virtual water in Inner Mongolia is in the ratio of 10%-20% to the total output. The rest of the 387 provinces' net virtual water momentum of grain is less than 10%. Combined with the specific trade 388 volume, it can be concluded that for the output area, the first 23% provinces outflow approximately 389 70% of the virtual water volume, indicating that the concentration of resources is high and a small 390 number of areas occupy an advantageous position.. The construction of the optimization model of grain virtual water trade has its inherent advantages.
393
First, the grain virtual water trade pattern after optimization can not only meet the domestic regional 394 grain consumption, but also can fully realize the inter-provincial free flow of grain. Second, it is 395 undoubtedly a new perspective of water resources management to adjust the volume and direction of 396 inter-regional virtual water through grain trade. Additionally, it can not only achieve the virtual water 397 balance in the input area but also strengthen the productivity of the limited water resources in the 398 provinces and create higher economic benefits.
399
Combined with the operation results of the general optimization model (linear optimization with 400 the objective of minimizing the cost of transportation), we compared the advantages with the case 401 that considered the opportunity cost. The specific contents are as follows: Notes: These provinces are the virtual water output areas, the specific location is from NMG (Inner Mongolia) 406 clockwise direction to XJ (Xinjiang). And the total is 13 provinces. Those provinces are virtual water input areas, 407 the specific location is from BJ (Beijing) clockwise direction to QH (Qinghai). And the total is 18 provinces. In 408 addition, the descriptions of China's provinces is the same with Fig.3 . 409
(1) Comparing Fig. 3 with Fig. 5 , we can see that they both have 31 outlets, which indirectly 410 indicates that the trade network of grain virtual water doesn't become more complicated. The main 411 changes are the trade direction and the specific volume of trade. In Fig. 3 , Heilongjiang still has the 412 largest number of sending points. The number of sending points to other provinces is more than in Guangdong. This unreasonable phenomenon is attributed to the higher opportunity cost in those 427 output areas than in the input areas, resulting in the inefficient utilization of water resources. Therefore, 428 the optimization of the grain virtual water trade pattern will be more conducive to the optimal 429 23 allocation and efficient utilization of resources after considering the opportunity cost.
430
(3) Combining Fig. 2 with Fig. 4 , from the number of receiving and sending points and their 431 amounts of virtual water in the two optimization results, the long-tail effect of a trade optimization 432 scheme considering the opportunity cost is more obvious than the optimization scheme that considers 433 only the cost of transportation. The former is closer to the two-eight distribution law, which means 434 that the result is closer to the actual situation. This result has further clarified the provinces dominated 435 by grain virtual water trade.
436
(4) From the analysis of the optimization results, we concluded that the total transportation cost of 437 the optimized trade pattern was 14.05 billion yuan, accounting for only 4.35% of the agricultural 438 output value when considering the objective function with the minimum transportation cost. When 439 considering the opportunity cost in trade, the economic value generated can not only cover the 440 transportation cost but can also eventually generate economic benefits of 7410 billion yuan. These 441 data are nearly 230 times the total output value of agriculture in 2014. Therefore, we can see that the 442 opportunity cost of grain virtual water trade has great significance for promoting the overall 443 development of the national economy. Based on the current situation of grain production and consumption, this paper calculates the virtual 446 amount of water behind its production and consumption and analyze the balance of grain virtual water 447 trade in various regions. The following conclusions were obtained.
448
(1) The current situation of grain virtual water trade 449 Comparing the grain virtual balance volume and net inflow volume, we find that the grain virtual 450 24 water trade is unreasonable, mainly from two aspects of flow direction and flow volume. In terms of 451 flow direction, some virtual water surplus areas do not export virtual water but import virtual water 452 from other places. Meanwhile, some virtual water shortage areas do not import virtual water from 453 other places and export virtual water. From the specific flow volume, there are differences between 454 the grain virtual balance volume and net inflow volume, ranging from zero to hundreds of billion 455 cubic meters. In general, the virtual water flow from the north to the south, which aggravates the 456 unbalanced allocation of regional resources to a certain extent.
457
(2) Optimization of grain virtual water trade with opportunity cost 458 Based on the transportation cost minimization optimization model, we add opportunity cost and 459 establish the total cost (means transportation cost and opportunity cost) minimization optimization 460 model. In this way, we can not only emphasize the endowment conditions of the water resources but 461 also the other factors when applied virtual water strategy. Taking the opportunity cost into account 462 making a better understanding of grain virtual water trade from the perspective of the economic value 463 of water resources. The results show that there are 18 inputs and 13 outputs areas in the grain virtual 464 water trade. The huge virtual flow is generated, up to 1179.24 billion cubic meters of water, which 465 accounted for 4.32% of the total water resources of the country in 2014, accounting for 30.47% of 466 the agricultural water. Furthermore, the virtual water output area is very concentrated, which the 467 concentration of resources is high and a small number of areas occupy an advantageous position.
468
(3) The advantages of the optimized method of grain virtual water trade 469 Comparing the results of grain virtual water trade with the minimization of transportation cost and 470 total cost, we can find that the optimization model of minimizing total cost has several advantages.
471
First, it can overcome the unreasonable virtual water trade in the case of minimizing transportation 472 25 cost, that is to say, preventing areas with high water opportunity costs flowing to areas with low 473 opportunity costs. As a result, it enables limited water resources to be allocated to more efficient uses. 474 Second, the trade network of grain virtual water doesn't become more complicated. And the long-tail 475 effect of a trade optimization scheme considering the opportunity cost is more obvious, which means 476 that the result is closer to the actual situation. Third, when considering the opportunity cost of trade, 477 the economic value can not only fill the costs of transportation but will eventually produce additional 478 economic benefits in that virtual water trade.
479
According to the results, some important implications are presented below.
480
(1) It is imperative that the government conduct virtual water strategies for realizing sustainable 481 water resources. The implementation of virtual water strategies is not a problem that a region or a 482 province can solve with its own strength. It needs to stand at the height of the whole country and 483 solve the problem at the national level. This can be achieved by introducing new water resource 484 management, combining entity water with virtual water, breaking through natural restrictions of entity 485 water allocation, and comparing internal and external advantages.
486
(2) Taking the optimization results of grain virtual water trade, considering the opportunity cost as 487 an example, more factors should be considered in studying virtual water strategies. Virtual water trade 488 reflects the production technology level of a country and the opportunity cost of a series of limited 489 resources, which is also the case for a region. Whether or not to adopt virtual water trade depends not 490 only on the water resources of a region but also on the opportunity cost and relative advantage of the 491 product. Therefore, emphasis should be laid on the related natural conditions, social and economic 492 conditions, and ecological environment.
493
(3) With respect to the directions for future research, there are some interesting extensions, 494 26 including: 1) Conducting a long term study analysis of grain virtual water trade in China to under the 495 variability in time. 2) Exploring the impacts and interactions of grain virtual water trade on the local
